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Abstract
This study aims to investigate the relationships between growth parameters (agita-
tion, glycerol concentration, salt concentration) and responses (biomass, growth rate,
protein expression), by a 3-factor-3-level central composite factorial design. This ex-
perimental design involved running shake flask culture at 15 different explerimental
conditions with duplicates. Optical density (OD600), dry cell weight (DCXV), and
BCA Protein Assays were done on each experiment. Mathematical models in terms
of these parameters' effects and their interactions were proposed for each of the re-
sponses. The significance of each effect and interaction, as well as the goodness-of-fit
of mathematical models to data were examined by analysis of variance. It was found
that biomass (with RAdj-0.951) is a strong function of glycerol concentration (higher
glycerol concentration leads to higher biomass), but it varies much less with agitation,
and it is completely independent of salt concentration. Growth rate (RAd=--0.901),
however, varies strongly with agitation and salt concentration, but much more weakly
with glycerol concentration. Protein production has a low RAdj value of ().746, imn-
plying that higher-order terms, e.g. x2 and x2, should be tested for significance in
the model. Collected data were fitted to the proposed models by response surface
regression, after which surface and contour plots of responses were generated to iden-
tify trends in them. High agitation (300 rpm in shaker) gave rise to both highest
biomass and growth rate. In addition, biomass at high glycerol concentration (3%
v/v) was almost twice as much as biomass at low glycerol concentration (1% v/v) at
high agitation rate (19 g/L compared to 11 g/L). At the same agitation rate, growth
rate shows the largest increase of 20.5% with increasing salt concentration from 0.7%
to 2.1%. Protein production reached maximum of 7.3 mg/mL at medium agitation
rate (250 rpm), high salt and glycerol concentrations.
Thesis Supervisor: Jean-Francois Hamel
Title: Lecturer
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Chapter 1
Introduction
1.1 Antibody fragments
Antibodies belong to a class of proteins called immunoglobulins. They bind to anti-
gens or other foreign substance in the body with high specificity, and are naturally
produced by the body's immune system. Figure 1-1 shows the symbolic strcture of an
antibody. It is made up of two heavy and two light chains, which are linked together
by disulfide bonds. The variable region indicated on Figure 1-1 is where the antibody
interacts with its target antigen. The constant region, although has no affinity for
antigens, is the part of antibody that interact with cells [22].
Figure 1-1: Structure of an antibody.
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Different types of antibody fragments can be derived from full-length antibod-
ies or produced by genetically modified cells. The nomenclature of antibody fragments
is based on the part or parts of antibody that is included in the fragments. Examples
of antibody fragments are shown in Figure 1-2.
Figure 1-2: Examples of Antibody fragments. Top: Fab and F. Bottom: scFv and
scAb.
Since antibodies are proteins themselves, they undergo proteolysis just like
other proteins when the appropriate enzymes are present. For example, papain is an
enzyme that is found to cleave antibodies at the hinge region, between CH1 and CH2
as shown in the top part of Figure 1-2, resulting in the separation of Fab (Fragment
antigen binding) fragments from the F, (Fragment crystallizable) fragment.
Recent advances in genetic engineering has allowed the production of certain
antibody fragments by genetically modified cells, such as bacteria, yeasts, hybridoma
cells, insect cells, etc [15]. The DNA sequence for the specific antibody fragments can
be inserted into the host cells by standard molecular biology techniques.
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The use of antibody fragments have gained importance in the medical field
recently, because of their wide potential as tumor targeting agents in areas such as
radioimmunodetection and site-specific protein delivery. [13] This potential is mainly
attributed to the reduced molecular weight (about 30 kDa) and size of antibody
fragments.
Due to these properties, antibody fragments clear more rapidly from blood
than whole antibodies. For the same reason, they are considered to have better
tumor-penetrating properties. According to Damasceno et al., antibody fragments
should also cause less or no immune response because of their shorter lifetime in the
circulatory system. [10]
1.2 Heterologous recombinant proteins
Recombinant proteins are considered as "heterologous" if they are expressed in cells
which they are not native to. For example, an enzyme found only in the mouse is
considered heterologous when it is produced in a bacterium.
Recombinant proteins have been widely studied, in both academic and com-
mercial fields, because it has shown potential as a novel and versatile technique to
produce proteins for medical purposes. Many research groups are studying production
of recombinant proteins in various host systems, in order to develop cost-effective ways
to produce any desired protein in large quantities, i.e. sufficient to obtain reasonable
yield for characterization studies or clinical uses after downstream purification.
Current biotechnology allows genetic modifications to be made on organisms
to express any protein as long as the protein is not cytotoxic. The DNA sequence
of the desired protein can be inserted under a promoter or marker sequence. And in
many cases, more than one copy of the foreign gene can be inserted into the organism's
genome for higher productivity.
Bacteria have been widely used for expressing numerous heterologous proteins.
However, being prokaryotes, they lack cellular functions that are only present in
eukaryotes, e.g. secretion of proteins. As such, yeasts, being the simplest eukaryote,
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has emerged as an alternative host for expression of eukaryotic proteins.
1.3 Pichia pastoris
This study focuses on the expression of an heterologous scAb (named AP39) by a
yeast, Pichia pastoris. The Philips Petroleum Company was a pioneer in developing
culturing protocols for P. pastoris, in 1970s. Studies to use P. pastoris as a host
system for heterologous protein started only about a decade later. [4] Since then,
P. pastoris has become a successful host system for many different proteins over the
past two decades.
Cereghino et al. [15] published a list of heterologous proteins that have been
expressed in P. pastoris. The list, which contains more than 200 proteins, includes
proteins from bacteria, fungi, protists, plants, invertebrates, vertebrates (human and
non-human), and virus.
Many other host systems have been employed to express antibody fragments.
However, these host systems such as E. coli, Saccharomyces cerevisiae, etc. are be-
coming less preferable for this application, compared to P. pastoris, due to a few
advantages of P. pastoris over the aforementioned host systems. Some of the advan-
tages will be discussed in the upcoming subsections.
For production of pharmaceutical molecules, it is ideal for the host system to
be able to produce authentic or, at least, functional proteins, and with reasonably
high productivity. With this consideration in mind, P. pastoris offers the fundamental
safety prerequisite that it does not harbor undesirable substances such as pathogens
or viral inclusions. [23]
Genetic manipulation
Genes in P. pastoris can be easily manipulated to include genes for heterologous
proteins. Simple methods such as electroporation works well for this microorganism.
Introduction of foreign genes into P. pastoris consists of three basic steps [15]: 1.
Insertion of gene for target protein into vector; 2. Introduction of vector into host cells;
18
3. Examination and screening for transformed cells. Once the properly transformed
cells have been correctly identified, they can be cultured in shake flask to maintain a
stock of the host strain.
Genetic stability of P. pastoris has also made it a desirable host system for
heterologous protein; loss of yield in P. pastoris was not significant even after several
generations [23]. This is a crucial property for any host for recombinant protein. If
the genome of a host system is unstable, then the yield of target protein will decrease
with the number of times the cells have multiplied, or causes protein impurities to be
produced, causing downstream purification process to be more difficult.
Nowadays, the P. pastoris expression system can be purchased as a commer-
cially available kit. The host strain used for experiments in this thesis is obtained
from Invitrogen Corporation (CA). Genes for heterologous proteins can be cloned into
the genome of P. pastoris, under the inducible AOX1 promoter or the constitutive
GAP promoter.
Culture condition
P. pastoris is known to grow very well in inexpensive, defined medium. Culture
medium containing merely basal salts and carbon source within the pH range of 3-7
[3, 10] will keep P. pastoris viable.
P. pastoris is also known to grow well on different carbon sources, including
methanol, glycerol, glucose, sorbitol, etc. [9] This allows flexibility in medium opti-
mization, since expression of different recombinant proteins may differ dramatically
on different carbon sources.
High cell density
P. pastoris can grow up to much higher cell densities in both shake flasks and biore-
actors than its bacterial counterparts [1, 2, 3, 10, 17]. This is definitely a desirable
feature, since higher cell densities in most cases imply higher recombinant protein
production [4].
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Post-translational modification
Unlike bacterial expression systems, P. pastoris is able to perform post-translational
modifications that are often performed in higher eukaryotes, including glycosylation,
folding, processing of signal sequences, and disulfide bond formation.
Such abilities allow recombinant proteins produced by P. pastoris to be se-
creted directly into the supernatant, which is relatively protein-free in the first place.
Since the recombinant protein is going to be the main protein present in the super-
natant, the downstream purification process is greatly simplified. The target protein
can be purified or concentrated easily by ultrafiltration.
Choice of promoters
When P. pastoris was first explored as a host for recombinant proteins, the foreign
genes were usually inserted under the AOX1 promoter, which is a promoter that is
tightly regulated by methanol [15]. The AOXI pathway is completely shut down
when there is no methanol present in culture medium.
The main advantage of this promoter is that one can starve the yeasts of
methanol in the first stage of fermentation to focus on building up cell density first.
Once the cell density has reached the optimal level, methanol can be added to induce
protein production. Another advantage of the inducible AOX1 promoter is its use for
target proteins are harmful to the cells. Since the protein produced will depend on
the level of methanol in culture medium, its production can be carefully manipulated
so that it is kept below the toxic level. With these special properties, AOX1 became
a popular promoter used for heterologous protein expression. [10]
Although the ability of P. pastoris to utilize methanol as its sole carbon source
has rendered it useful for recombinant protein expression, excess methanol in culture
medium can be toxic to the cells, so the concentration of methanol in culture has to
be monitored closely in order to keep the viability of culture up [4]. This can be a
difficult task, especially in shake flasks, where only offline monitoring is possible.
Another promoter in P. pastoris has been recently discovered: the GAP pro-
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moter. This is a constitutive promoter, and does not rely on the addition of methanol
in culture medium to induce protein production. Many researchers have performed
studies to compare it to the long-known AOX1 promoter. [20, 11]
The main advantage of this constitutive promoter is of course the elimination
of the induction phase in fermentation and the starvation phase immediately before
induction [4]. It also means that the lag phase that normally follows methanol in-
duction would be eliminated, so the culture time required is now shorter. In other
words, the use of a constitutive promoter leads to simultaneous biomass generation
and protein production [12], which would make the process of protein expression more
efficient.
Furthermore, methanol is no longer required to be present in culture medium
for recombinant protein expression, so the cells will no longer have the risk of undergo-
ing methanol poisoning. With these features, GAP is continually gaining importance
in recombinant protein production [27].
21
22
Chapter 2
Background
2.1 AP39 product formation
AP39 is a single-chain antibody fragments (scAb) produced by the P. pastoris in
subject. A scAb is a scFv with a human -light chain constant (HuC,) domain
attached to the C terminal. In the current study, the gene for AP39 is inserted into
the P. pastoris genome under the constitutive GAP promoter.
AP39 molecules are secreted into the supernatant in two major forms: monomer
(m 25 kDa) and dimer ( 50 kDa), with associative dimer being the desired product.
2.2 Growth conditions
Expression of recombinant proteins by P. pastoris depends on more than just a few
factors, in both cultivation and cellular levels [21, 7]. However, only a few carefully
chosen factors will be focused on in this study: agitation (oxygen level), initial glycerol
concentration, salt concentration (osmotic stress). The chosen parameters are not the
only factors on cell growth and recombinant protein production. Other factors that
have been studied are, for example, cultivation temperature [18, 19] and carbon source
[9].
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2.2.1 Agitation
The level of dissolved oxygen in culture depends highly on agitation, especially in
shake flask cultures, where agitation is the only parameter that is closely related
to dO2. Lee et al.found that, increasing DO from 10-30% to 30-50% increases final
biomass by about 10%, and heterologous protein production by about three-fold [17].
Although this might not apply to all recombinant proteins, since each protein has its
own characteristic behavior, dO2 does affect the redox potential in medium directly,
which can in turn affecting protein production by P. pastoris.
2.2.2 Glycerol concentration
Glycerol is the sole carbon source for P. pastoris in SMMY medium, and is a limiting
factor for biomass. It might also affect growth rate. Although there is little evidence
that glycerol concentration plays a significant role in heterologous protein expression,
its effect(s) on cell growth alone is significant and should be studied.
2.2.3 Salt concentration
This factor is also sometimes known as osmotic stress. In this study, the term salt
concentration is specifically referred to as the total concentration of potassium phos-
phate monobasic (KH2PO4) and potassium phosphate dibasic (K2HPO4). It is known
to enhance protein production without compromising cell growth rate or biomass ac-
cumulation in a few published studies [18, 10]. Shi et al.discovered that hypertonic
media containing 0.35M of salt led to increase in scFv production by several-fold [7].
2.3 Factorial study
The concept of factorial experimental design has been gaining importance in many
scientific fields recently, due to its ability to study trends for multiple factors and
their combined effects in significantly fewer number of experiments than traditional
methods. This has also simplified studies where first-order analysis is insufficient.
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2.3.1 Central composite design (face-centered)
Central composite design, an extension of factorial study, was employed in a few
published studies to investigate, for example, recombinant protein expression [24] and
protein stability [25]. The difference between CCD and ordinary 23 factorial study
is that CCD includes a number of axial and center runs in addition to the factorial
runs. A few types of CCD are commonly used, such as spherical, Box-Behnken, and
face-centered [26]. Face-centered (fc) CCD is the type of CCD carried out in this
study.
By including axial and center runs in the CCD, quadratic terms can now be
incoporated in the model. [26] The parameters that need to be specified concerning
the CCD are:
1. a, the distance of axial runs from design center.
2. nc, the number of center points.
The parameter a is dictated solely by the area of interest. For example, in this study
where fcCCD is used, oa = 1, and in a spherical CCD, a = vA, where k is the
number of factors studied. Center runs are included in CCD to provide variance for
prediction. In general, the recommended nc is smaller for fcCCD than in spherical
CCD. In this study, no - 1. Figure 2-1 below gives an overview of the experimental
design that will be the object of discussion for the rest of the paper.
2.3.2 Response surface regression
Response surface regression is very often combined with CCD experiments, and when-
ever there is a response, or observed result, that depends on k independent variables
(e.g. agitation, glycerol concentration, and salt concentration in this case).
The relationship between the response and the independent variables is char-
acterized by a regression model. Linear models are the most commonly used model
for regression. The regression model can be fitted to a set of observed responses,
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Figure 2-1: The 23 factorial design with fcCCD.
and can then be used to predict responses for any given conditions within the region
studied.
2.4 Objectives
In the present study, three responses: the growth of P. pastoris (biomass and growth
rate) and production of AP39 by the yeast (protein concentration by BCA assay)
were to be investigated in a CCD factorial study. The three factors chosen to be
investigated were: agitation, initial glycerol concentration, and initial salt concentra-
tion.
The purpose of this study is to elucidate the dependence on the selected re-
sponses on the three growth parameters listed above and their interactions. So that,
as a result, Production of heterologous scAB, AP39, can be optimized on the culture
level based on the improved understanding of the behavior of P. pastoris culture.
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Chapter 3
Experimental Procedure
3.1 Materials
3.1.1 Organisms
The P. pastoris host strain X33 was received from Berlex Laboratories, Inc. (Rich-
mond, CA). The cryogenic vials containing the cells were stored at -80°C immediately
upon arrival. This host strain of P. pastoris was genetically modified to contain a
single copy of AP39 gene under the constitutive GAP promoter.
3.1.2 Chemicals
The chemicals used in all the experiments performed are purchased from Sigma-
Aldrich, Mallinckrodt Baker, and BD Biosciences. All chemicals used were of reagent
grade unless otherwise stated.
3.1.3 Culture medium
This section outlines the composition of solutions used in shake flask cultures. The
biotin stock solution was made in bulk ahead of time, and can be kept at specified
conditions for extended period of time.
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0.2% w/v Biotin stock solution contains 0.2% biotin dissolved in 0.1N
NaOH solution. It is filter sterilized through 0.22 ,um filter, and stored in 0.5 mL
aliquots at -20°C.
SMMY culture medium contains 2% w/v Soytone, 1% w/v Yeast Extract,
1.36% w/v Yeast Nitrogen Base without Amino Acids, 1.4% w/v potassium phos-
phates (KPO 4), and 2% v/v glycerol dissolved in DI water. The pH was adjusted to
pH 5.5 using 80% phosphoric acid prior to filter sterilization through 0.22 Atm filter.
After filtration, 0.2% biotin stock solution was added to SMMY medium sterilely to
reach a final concentration of 0.005% v/v.
3.2 Expansion of glycerol cell bank
A glycerol cell bank was expanded from the frozen cryogenic vials of P. pastoris
(at -80°C) received from Berlex. The cell bank was expanded using 500 mL baffled
flasks as shown in Figure 3-1 . The same kind of shake flasks were used in all other
experiments that are described in later sections.
Figure 3-1: Baffled flask used for P. pastoris culture. Corning #4446-500.
SMMY culture medium was prepared according to instructions described above
shortly before inoculation of shake flasks. Prior to inoculation, the shake flasks were
covered with filter paper and aluminum foil, and autoclaved at 121°C for 45 minutes.
1http://catalog2.corning.com/Lifesciences/productdetails.aspx?p=Containers401 15&id=4446
(Containers)&region=NA&language=EN
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100 mL of SMMY culture medium was first sterilely transferred to each baffled
flask. Then, 100 ttL of thawed cells from the cryogenic vials was added into each of
the flasks with a 200 ,iL pipettor, using sterile technique. The shake flasks were
incubated in a shaker for 96 hours (4 days) at 30°C and 125 rpm.
At the end of the 4-day period, a sample of about 1 mL was taken from each
shake flask to ensure that the cell density reached the desired level by measuring its
OD600. Then, 22.2 mL of 50% v/v glycerol solution in DI water (filter sterilized) was
added to each shake flask. The flasks were swirled to mix the contents. The cells are
then transfered to cryogenic vials in 1 mL aliquots, and stored at -800 C for use in
later experiments.
3.3 Shake flask cultures: Central Composite De-
sign
A 3-factor (k=3), 3-level face-centered central composite design (fcCCD) was em-
ployed in this study, involving 15 experiments in a full factorial design. The study
was made up of eight (8 = 2 k=3) factorial points, six axial points (na=2 points on the
axis per factor at a distance of (a = 1), and one (n,=l1) center point. The experimental
design can be visualized geometrically as in Figure 2-1.
As mentioned in Section 2.4, the independent factors studied were agitation,
glycerol concentration in SMMY culture medium, and salt concentration in SMMY2.
The range in which they are studied were shown in Table 3.1.
Table 3.1: Factors studied and their ranges under investigation.
Factor Low (-1) Normal (0) High (+)
Agitation (A), rpm 200 250 300
Glycerol concentration (G), % v/v 1% 2% 3%
Salt concentration (S), % w/v 0.7% 1.4% 2.1%
The conditions for low and high glycerol and/or salt concentration(s) were
2 Total concentration of KPO 4: monobasic and dibasic
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experimented by making SMMY medium according to the protocol, but adjusting the
amount of glycerol and/or KPO4 to achieve the desired concentrations. For potassium
phosphates, the ratio of monobasic to dibasic salts was kept constant while adjusting
the salt concentration, only the total amount of salt added was adjusted.
Figure 3-2 is modified from Figure 2-1, to illustrate the geometric layout of
experimental conditions listed in Table 3.2. The round black dots at the vertices
of the cube in Figure 2-1 represent factorial experimental conditions, and the small
black squares represent the axial and center points.
Each of these conditions was run in duplicates to reduce experimental and
random errors, and to improve precision of data. Table 3.2 shows the independent
factors (xi), in their coded and uncoded forms, in an experimental design matrix.
+1 
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Figure 3-2: The 23 factorial design with fcCCD (with labels).
The shake flask cultures were run in three batches. Those runs with the same
agitation rate were incubated at the same time. The first batch includes setups A,
B, C, D, E; second batch F, G, H, J, K; and third batch L, M, N, P, Q.
Each shake flask culture contained 100 mL of SMMY culture medium, and
was inoculated with 100 /iL of thawed cells from the glycerol cell bank. Starting
from the moment the shake flask was inoculated, 2-3 mL of sample was collected
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Table 3.2: Design matrix of 3-Factor-3-level fcCCD
Setup X1 X2 X3 Label
Agitation (rpm) Glycerol conc. (%v/v) Salt conc. (%w/v)
1 0 (250) 0 (2%) 0 (1.4%) L
2 0 (250) 0 (2%) -1 (0.7%) M
3 0 (250) 0 (2%) +1 (2.1%) N
4 0 (250) -1 (1%) 0 (1.4%) P
5 0 (250) +1 (3%) 0 (1.4%) Q
6 -1 (200) 0 (2%) 0 (1.4%) A
7 +1 (300) 0 (2%) 0 (1.4%) F
8 -1 (200) -1 (1%) -1 (0.7%) B
9 -1 (200) -1 (1%) +1 (2.1%) C
10 -1 (200) +1 (3%) -1 (0.7%) D
11 -1 (200) +1 (3%) +1 (2.1%) E
12 +1 (300) -1 (1%) -1 (0.7%) G
13 +1 (300) -1 (1%) +1 (2.1%) H
14 +1 (300) +1 (3%) -1 (0.7%) J
15 +1 (300) +1 (3%) +1 (2.1%) K
approximately every 12 hours (up to 96 hours), for OD600 and DCW measurements.
At the end of the 96-hour incubation period, in addition to the sample taken
for OD60 0 and DCW assays, the content of each shake flask was transfered to 50 mL
centrifuge tubes, where it was centrifuged at 3000 rpm for 15 minutes. After that,
the supernatant was kept at 4C in a refrigerator until protein assays were performed,
and the cell pellet was discarded.
3.4 Biomass assays
3.4.1 Optical density at 600 nm
Optical density is one of the methods to measure cell concentration in culture. Ab-
sorbance of the cell culture is measured using an UV/Visible spectrophotometer, at
A = 600 nrn (OD600 ). Cells in suspension absorbs light at 600 nm, and the OD600
reading is directly proportional to the cell density in culture.
Most UV/Visible spectrophotometers have a narrow range of reading (typically
0.1-1.0) beyond which readings are curvilinear. Therefore, when the OD600 readings
31
of culture is larger than 1, 1:10 dilution will have to be made using deionized water
(DI water). Multiple 1:10 dilutions are sometimes required for very high cell density,
in order to obtain an OD6 00 reading within range.
3.4.2 Dry cell weight
Dry cell weight (DCW) is an universal measure for cell density in culture, because it
does not rely on readings provided by specific equipment, and can be done on all types
of cultures. A culture sample is transfered to a preweighed 1.5 mL EppendorfrM tube,
in which it will be centrifuged to remove the supernatant, and then washed twice to
remove soluble components, such as salts and culture medium components. Cells can
be washed by resuspending the cell pellet in DI water and then centrifuging again.
The washed cell pellet is then dried in an oven set to 60-70°C until the cells
are completely dry, which is indicated by constant mass. The DCW can be calculated
by
DCW = (Mass of eppendorf tube + dried cells) - (Mass of empty tube) (3.1)
3.5 BCA Protein assay
Bicinchoninic acid (BCATM) Protein Assay kit from Pierce was used to quantify total
protein concentration in supernatant from each experiment at the end of the 96-hour
incubation. As mentioned in Section 1.3, P. pastoris does not secrete protein into
supernatant under normal conditions, nor is cell lysis required to retrieve target pro-
tein. Thus, the proteins present in supernatant can almost be completely attributed
to AP39, which is the protein designated to be secreted.
In this study, the 96-well microplate procedure was used to quantify proteins
in supernatant collected from each shake flask, after 96 hours of incubation. Work-
ing reagent (WR) is prepared by mixing the preformulated Reagents A (contains
sodium carbonate, sodium bicarbonate, BCA detection reagent, sodium tartrate in
0.1N sodium hydroxide) and B (contains 4% copper (II) sulfate) in the ratio of 50:1.
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Protein standards used for standard curve calibration was BSA3 standards that was
provided in the BCA assay kit. BSA was used to calibrate the assay. Due to limita-
tion of the microplate reader, the range of BSA concentration used for calibration was
narrowed down to 125-1000 jtg/mL. Triplicates of each standard were measured, but
only duplicates were measured for each sample, due to the large number of samples.
For both BSA standard and sample measurements, 25 1uL of standard, sample,
or blank replicate was pipetted into a microplate well. Supernatant samples were
diluted 10 times with DI water to ensure that protein concentration lies within the
working range. Since DI waterwas the solvent used to dilute samples, it was also
used as blank in colorimetry measurement. Then 200 L of WR was pipetted into
each well containing a blank, standard or sample replicate. The contents in each well
was slightly mixed horizontally by gentle sideways motion. Then, the microplate was
covered and incubated at 37°C for 30 minutes.
After incubation, the microplate was removed from the incubator, and left to
cool to room temperature, to quench the BCA reaction. Absorbance was measured
at 562 nm on a plate reader after cooling.
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3BSA = bovine serum albumin
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Chapter 4
Calculations
4.1 ANOVA
The method of ANOVA (Analysis Of Variance) was employed to preliminarily deter-
mine whether the model proposed for each of the responses (biomass, growth rate,
and BCA protein concentration) is appropriate. For this part of analysis, only the
data obtained from the eight factorial points, which are represented by the vertices of
the cube in Figure 2-1, were considered. The axial and center points will be included
later in response surface regression.
In the analysis to follow, including those in later sections, 'A' stands for agita-
tion (in rpm of shaker), 'G' stands for initial glycerol concentration of SMMY medium
(in % v/v), and 'S' stands for initial salt (KPO4 ) concentration of SMMY medium
(in % w/v). These are the factors under investigation in this study. Any combination
of the above symbols represents the interaction between those factors.
4.1.1 Main effects
The formula for main effect of A can be derived by first considering the difference
between the average of the four experimental conditions where A is at high level (i.e.
YA-), and four experimental conditions where A is at low level (i.e. A-).
From the geometric representation of the 23 factorial design in Figure 4-1 or
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the notations in Table 4.1, the four conditions where A is at high level are a, ag, as,
and ags. Similarly, the four conditions where A is at low level are (1), g, s, and gs.
These symbols represent the total of all n observations at that particular experimental
condition, and n = 2 in this study.
17.Q
!-,a + -
.;.
--,
S I
(1)
I
as
a
- ~~11 OV- (0d
2c 2k`
Factor 1: Agitation I
+
L ,' H1i7
Figure 4-1: Geometric representation of the 23 factorial design.
Table 4.1: Notations for total observations in 23 factorial design.
Labels Agitation (A) Glycerol (G) Salt (S)
(1) - - -
s - - +
g - + -
gs - + +
a + - -
as + - +
ag + + -
ags + + +
Therefore, the effect of A can be written as follows:
[a + ag + as + ags - (1) - g - s - gs]
4n (4.1)
The quantity in square brackets in the above equation is known as the contrast of A.
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Figure 4-2(a) illustrates the main effect in a 23 factorial design.
The main effects of G and S are derived using similar methods.
G [g + ag + gs + ags - (1) - a -s - as] (4.2)
4n
[s + as + gs + ags - (1) - a - g- ag]
4n
The two-factor intereaction effects (e.g. AG) can be computed in a similar
way, by first considering the difference between the average A effects at high and low
levels of G. When G is high, the average A effect is [(ags - gs) + (ag - g)]/2n; when
G is low, the average A effect is [(as - s) + (a - (1))]/2n. The difference between
these two average A effects is [ags - gs + ag - g - as + s - a + (1)]/2n. Since the AG
interaction is half of this difference,
AG = [ags + ag + s + (1) - gs - g - as - a] (4.4)
4n
Following similar logic, and from Figure 4-2(b)
AS = [ags + as + g + (1) - gs - s - ag - a] (4.5)4n
GS = [ags + gs + a + (1) - as - s - ag -g] (4.6)4n
The three-factor interaction (AGS interaction) is defined as the average differ-
ence between the AG interaction at high and low levels of S. At high level of S, the
AG interaction is [(ags - gs) - (as - s)]/4n; at low level of S, the AG interaction is
[(ag - g) - (a - (1))]/4n. Therefore,
AGS = [ags + s + g + a - ag - as - gs - (1)] (47)
4n
Equations 4.1 to 4.7 summarizes the main effect and interactions between the
three factors.
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Figure 4-2: Contrasts corresponding to main effects and interactions between factors.
4.1.2 Sum of squares
In Equations 4.1 to 4.7, the quantities in square brackets are called contrasts. These
contrasts will be used to calculate sum of squares (SS) for each of these effects. In
this 23 design with n 2 replicates, the sum of square of any effect is
(Contrasti)2
8n
(4.8)
where i = A, G, S, AG, AS, GS, AGS.
The total sum of squares (SST) is the sum of the squared differences between
each observation or response (Y) and the overall average:
(4.9)SST -= E (Y - overall)2
all
The error sum of squares (SSE) can be calculated by subtracting the SS of all the
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effects from SST:
SSE = SST - (SSA + SSG + SSs + SSAG + SSGS + SSGS + SSAGS) (4.10)
The error sum of squares is composed of the pure error arising from the replication
of the factorial points.
Once all the sum of squares are calculated, ANOVA can be performed on the
observed data for each response, as shown in Table 4.2. Mean squares of all the effects
and error are calculated by dividing the sum of square with the corresponding degree
of freedom (df).
If the following assumptions are made: (1) the model is adequate, and (2) the
errors are normally and independently distributed with constant variance, then the
F0 statistic for each effect, which is defined as F = MSeffect/MSE, are distributed
as F, with the critical region at the upper tail of the distribution, i.e. higher values
of F0 statistics implies high probability of that effect being significant in the model.
4.1.3 Hypothesis testing
The model sum of squares can be calculated by summing the SS of all effects (see
Table 4.2:
SSode = SSA + SSG + SSS + SSAG + SSGS + SSGS + SSAGS (4.11)
The degree of freedom of SSModel is 7, since there are seven main effects and interac-
tions altogether. Therefore, MSMoI,dl SSAIO,de/7, and thus the statistic
MSModelF0 is (4.12)MSE
will be testing the hypotheses
Ho :3A = aG = s = -AG = AS = OGS -= AGS = 0
H1 : at least one/ 13 0
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Table 4.2: The Analysis of Variance table for 3-factor fixed effects model. (Note: a,
b, and c are the number of levels in factors A, G, and S, respectively; n is the number
of replicates run for each experimental condition. In this case, a = b = c = n = 2.)
Source of Sum of Degrees of Mean
Variation Squares Freedom (df) Square F0
Model SSModel abc - 1 MSModel SSMdel Fg = MSMdelabc- MSE
A SSA a-i MSA = SSa Fo = MSAa-1 MSE
G SSG b-1 MSG = SS F = MSGSGb- 1 MSE
S SSs c-i MSs =S- Fo MS
AG SSAG (a-l)(b-) MSSSAG MSAGAS SSAG (a- 1)(b- 1) MSAG = (a-1)(b-1) Fo = MSE
AS SSAS (a -~1)(b - 1) M SA S MSAS
GS SSGS (a- )(b- 1) MSGS SS (a- F = MSGS(a-1)(b-1) 0 - MSE
SSEError SSE abc(n- 1) MSE = ab(n-1)
Total SST abcn - 1
For a test at 95%, if Fo > F0 .05,,, 2 (where l =- dfModel = 7 and v2 = dfE = 8),
then it is reasonable to conclude that at least one variable has nonzero effect. Next,
each of the individual effect and interaction will be tested in the same way for its
significance in the model using the individual Fo statistic from ANOVA as listed in
Table 4.2. Note that for a stricter test, e.g. at 99%, Fcrit will be larger. In other
words, it is harder for the Ho hypothesis to be rejected. This is attributed to the fact
that Type I error 1 is less likely to occur in a 99% test (e.g.) than 95%.
1 Type I error is the error when the null hypthesis, Ho0 , is rejected, but in reality it is actually
true.
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4.1.4 R2 Statistics
An R2 statistic can be evaluated as follows
SSModel
R2 SSModel (4.13)SST
This statistic measures the proportion of total variability accounted for by the model.
From its formula, it can be seen that the closer this R2 is to unity, the 'better' the
model fit the data.
However, the value of R2 always increases whenever additional factors are
added to the model, even if those additional terms are non-significant. Therefore, the
adjusted R 2, which is defined as
SSE/dfE
R d- 1- SS /dfT' (4.14)
sometimes serves as a better measure for accuracy of model, since it takes into account
the " 'size"' of the model. The value of RAdj statistic will actually decrease if non-
significant terms are added to the model. Similarly, it can be inferred that, the value
of adjusted R2 will increase if non-significant terms are eliminated from or significant
terms are added to the model.
With this property, R2Adj can be a helpful indicator when attempting to refine
the proposed models. Also, when R2 and Rdj differ dramatically, it is an indication
that non-significant terms are present in the model.
4.2 Response surface regression (RSREG)
The regression model for predicting all the responses (biomass, growth rate, and BCA
protein concentration) is
Y -= 3o + AA + GG + SS + 3AGAG +PASAS + /GsGS + AAGSAGS4.15)
Y -= o + 31 1 + /32x2 + 33 x3 + 1312 x12 + 13 l13 + 23 x23 + /3123x 12 3 (4.16)
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where in Equation 4.16, the model is being expressed in terms of coded variables:
-2 (Xi - Xmean)
(Xma - Xmin )
(4.17)
and x12 = Xl X2, x13 = x1X3, etc.
To fit the proposed model to experimental data, the parameters in the model
(the d's) have to first be estimated. They can be estimated by
-=  E allY
abcn
Effecti
2
(4.18)
(4.19)
The estimated d are used as initial guesses for model fitting. The term residue
is defined as the vertical distance between the observed and predicted Y values:
Residue = Yobs - z
where Y is the predicted value of Y at the same condition as Yobs; and Y = 0o+i i3x.
Regression of mathematical models is achieved by minimizing the sum of squared
residues.
Sum of squared residues: all conditions
all conditions
Surface and contour plots of the predicted responses can be generated after
the models have been fitted to the data.
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Chapter 5
Results
5.1 Correlation between OD600 and DCW
Optical density at 600 nm (OD600) and dry cell weight (DCW) are both measures
of biomass, and they should be linearly correlated, because both these quantities are
directly proportional to cell density in culture. During all shake flask experiments,
culture samples from each shake flasks were taken approximately every 12 hours, and
both OD60 0 and DCW were measured. This was done to ensure data from both low
and high cell densities were covered when determining the correlation.
Linear regression was performed by Microsoft Excel on all the OD600 and DCW
data collected as shown in Figure 5-1, and the correlation is given by
DCW (g/L) = 0.2457 x OD 600 - 0.0272 (5.1)
with a correlation coefficient, R2 = 0.9664.
Since OD600 measurements can be very different depending on the equipment
used, DCW is a preferable measure of biomass compared to OD600. Therefore, in all
the analyses to follow, the biomass data were DCW in g/L converted from OD600.
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Figure 5-1: Correlation between DCW (in g/L) and OD 600
5.2 Shake flask cultures
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Figure 5-2: Typical temporal profile of OD600 and DCW.
Figure 5-2 shows a typical profile of optical density and dry cell weight over
time during the duration when the shake flask was incubated. This specific plot shows
a lag phase of about 8 hours at the beginning of incubation (labeled 1 in the profile),
followed by an exponential growth phase from 8-48 hours (labeled 2). The biomass
stopped increasing after 48 hours, and the same cell density was maintained until the
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end of incubation (labeled 3). Such profiles for OD600 and DCW for all experiments
are shown in Appendix B
It is important to note that the exact durations for lag phase and exponential
growth phase were not the same in all experiments, since it depends largely on the
experimental condition.
5.3 Face-centered central composite design
Table 5.1 summarizes the data obtained from fcCCD. Since each experimental con-
dition was duplicated (with the exception of setup #2, because one of the flasks
was broken halfway through the experiment), the mean and standard deviation were
calculated for each of the conditions.
Table 5.1: Results from 3-Factor-3-level fcCCD response surface analysis. (Biomass
is given in g/L; Growth rate in hr-1; and BCA Protein concentration in mg/mL.)
Setup (A, G, S) (Y1) Biomass Std Dev (Y2) Rate Std Dev (Y3 ) BCA+Std Dev
1 (0,0,0) 15.85 i 0.59 0.4329 i 0.0265 7.909 i 0.068
2 (0,0,-i) 13.77 i 0.66 0.3419 i 0.0449 7.743 i 0.000
3 (0,0,+1) 14.58 ± 0.18 0.3929 ± 0.0081 7.278 ± 0.133
4 (0,-1,0) 10.41 i 0.28 0.3946 i 0.0029 6.676 i 0.133
5 (0,+1,0) 17.28 ± 0.01 0.2858 ± 0.0030 7.643 ± 0.043
6 (-1,0,0) 14.85 i 0.29 0.2313 ± 0.0148 6.953 ± 0.019
7 (+1,0,0) 15.87 i 0.08 0.3721 i 0.0570 6.359 0.043
8 (-1,-1,-1) 13.33 i 0.55 0.2816 ± 0.0227 7.346 ± 0.117
9 (-1,-1,+1) 12.71 ± 0.19 0.2357 ± 0.0550 6.660 ± 0.093
10 (-1,+1,-1) 18.64 i 0.37 0.2885 ± 0.0152 6.767 ± 0.127
11 (-1,+1,+1) 18.48 2.62 0.2294 i 0.0122 7.200 i 0.182
12 (+1,-1,-1) 11.18 ± 0.32 0.3985 ± 0.0160 6.628 ± 0.040
13 (+1,-1,+1) 10.96 ± 0.12 0.4064 ± 0.0034 6.499 ± 0.173
14(-+1,+1,-1) 19.28 ± 0.11 0.4245 ± 0.0416 6.800 0.142
15 (+1,+,1+1) 19.97 0.20 0.4850 0.0160 6.844 0.074
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5.4 Statistical Analysis: ANOVA
ANOVA (analysis of variance) was employed to study the accuracy of the proposed
model, as outlined in Section 4.1. First of all, all effect estimates and sum of squares
for each response (Yi) were calculated. The calculations are summarized in Table 5.2.
Table 5.2: Effect estimate summary.
Y1 = Biomass
Factor Effect Estimate
A -0.4392
G 7.0493
S -0.0782
AG 1.5100
AS 0.3165
GS 0.3403
AGS 0.1093
Pure Error
Total
Y2 = Growth Rate
Factor Effect Estimate
A 0.1698
G 0.0263
S -0.0092
AG 0.0260
AS 0.0433
GS 0.0099
AGS 0.0164
Pure Error
Total
Y3 = BCA Protein Conce
Factor Effect Estimate
A -0.3007
G 0.1195
S -0.0846
AG 0.1392
AS 0.0420
GS 0.3226
AGS -0.2363
Pure Error
Total
Sum of Squares % Contribution
0.7715 0.36%
198.7727 91.55%
0.0245 0.01%
9.1208 4.20%
0.4008 0.18%
0.4632 0.21%
0.0478 0.02%
7.5117 3.46%
217.1130 100%
Sum of Squares % Contribution
1.15x10- '
2.77x 10- 3
3.35 x 10-4
2.71x10- 3
7.51 x 10- 3
3.90 x 10-4
1.08x 10- 3
6.18 x10 - 3
0.1363
.ntration
Sum of Squares
0.3618
0.0572
0.0286
0.0775
0.0071
0.4162
0.2234
0.1287
1.3005
84.61%
2.03%
0.25%
1.99%
5.51%
0.29%
0.79%
4.54%
100%
% Contribution
27.82%
4.39%
2.20%
5.96%
0.54%
32.00%
17.18%
9.90%
100%
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With the individual sum of squares calculated, ANOVA can be performed on
the overall model for all the responses, testing the hypotheses stated on P.39.
Ho A = /3G = 3S = ACG -3AS -= /GS = AGS = 0 (5.2)
H1 : at least one /3# 0 (5.3)
The critical region for this test of hypothesis at 95% is Fo > F. 05,7,8 = 3.50, i.e.
Ho would be rejected (i.e. at least one Q 5 0) if the Fo calculated is greater than
3.50 (degrees of freedom of each model and the corresponding error are 7 and 8,
respectively). Table 5.3 shows that Ho for all three responses were rejected, indicating
that at least one variable has a nonzero effect on the responses.
Table 5.3: ANOVA for preliminary mathematical models.
Response SSModel MSModel F0 Reject Ho? R2 RAd
Biomass 209.6013 29.9430 31.8893 Yes 0.965 0.935
Growth rate 0.1301 0.0186 24.0522 Yes 0.955 0.915
BCA Protein Conc. 1.1718 0.1674 10.4031 Yes 0.901 0.814
Although the presence of nonzero effects has been established by ANOVA,
it is shown in Table 5.3 that R2dj < R 2 in all models. This is an indication that
insignificant terms are present in all the models. Therefore, hypothesis testing for
individual effects were to be carried out in order to exclude non-significant terms
in the models. F0 statistics were calculated as described in Table 4.2. The critical
region for individual effects' hypothesis testing at 95% is F0 > F0.0 5,1,8 = 5.32 (degree
of freedom for each effect is 1).
Table 5.4 summarizes the results from ANOVA for all the individual effects and
interactions for all responses. A few factors had Fo that were smaller than F0.0 5,1,8, but
were still in the same order of magnitude. These effects are indicated by a question
mark under the "Reject Ho?" column. They are also included in the model to be
fitted, since these factors might reject Ho in a test less strict, and they might have
some effect on the responses.
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Table 5.4: Results from ANOVA.
(1) Biomass
Sum of Degree of Mean
Factor Squares Freedom Square F0 Reject Ho?
A 0.7715 1 0.7715 0.8217 No
G 198.7727 1 198.7727 211.6927 Yes
S 0.0245 1 0.0245 0.0261 No
AG 9.1208 1 9.1208 9.7136 Yes
AS 0.4008 1 0.4008 0.4269 No
GS 0.4632 1 0.4632 0.4933 No
AGS 0.0478 1 0.0478 0.0509 No
Pure Error 7.5117 8 0.9390
Total 217.1130 15
(2) Growth Rate
Sum of Degree of Mean
Factor Squares Freedom Square F0 Reject Ho?
A 1.15x10 -1 1 1.15x10 -1 149.2219 Yes
G 2.77x10 - 3 1 2.77x 10- 3 3.5790 Yes?
S 3.35 x 10 - 4 1 3.35 x 10- 4 0.4334 No
AG 2.71x 10- 3 1 2.71x10 - 3 3.5066 Yes?
AS 7.51x 10- 3 1 7.51x10 - 3 9.7202 Yes
GS 3.90x 10- 4 1 3.90x 10- 4 0.5042 No
AGS 1.08 x 10- 3 1 1.08 x 10- 3 1.4000 No
Pure Error 6.18x 10- 3 8 7.73x 10- 4
Total 0.1363 15
(3) BCA Protein Concentration
Sum of Degree of Mean
Factor Squares Freedom Square F0 Reject Ho?
A 0.3618 1 0.3618 22.4839 Yes
G 0.0572 1 0.0572 3.5519 Yes?
S 0.0286 1 0.0286 1.7792 No
AG 0.0775 1 0.0775 4.8156 Yes?
AS 0.0071 1 0.0071 0.4391 No
GS 0.4162 1 0.4162 25.8669 Yes
AGS 0.2234 1 0.2234 13.8849 Yes
Pure Error 0.1287 8 0.0161
Total 1.3005 15
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Once the significant factors for each response were selected, another round
of ANOVA was run on the now reduced models, to see if the models would now fit
the data better. This can be done by comparing the values of Rdj for the full and
reduced models. As discussed in Section 4.1.4, the value of R2dj would increase if
non-significant terms were removed from the model, even though the ordinary R2
would always decrease when any effects are removed.
For the second round of model ANOVA, a few changes were added to the
calculations. The error term now includes the effects that were screened out of the
model, i.e. those effects that were found insignificant in Table 5.4. Therefore, the
error sum of squares (SSE) and its degree of freedom now equal
SSE (new) = SSE (old) + E SS (non-significant) (5.4)
dfE (new) = dfE (old) + E dfi (non-significant) (5.5)
In the reduced models, the term SSE is made up of two parts. The first part being the
pure error arising from the replications of each experiment, and the second part being
the lack of fit component, consisting the sums of squares for the effect or interactions
that were dropped from the original models.
So the revised MSE will now equal to new SSE divided by its new degree of
freedom. The new values of SSModdl and SSE will be used to calculate the two R 2
statistics from the same formulae in Section 4.1.4.
The results from ANOVA for the reduced models are summarized in Table 5.5.
It shows that the reduced models of biomass and growth rate has almost the same
RAdj values as their respective full models, with the difference being only 1-2%. On
the other hand, the reduced model of protein concentration had a R2dj that is 8%
lower than that of the full model: 0.746 compared to 0.814.
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Table 5.5: Model Analysis of variance: Comparison between full and reduced models.
Response Model Type SSAodel MSModel FO Reject Ho? R2 Rd
Biomass Full 209.601 29.943 31.89 Yes 0.965 0.935
Reduced 207.893 103.947 146.57 Yes 0.958 0.951
Growth rate Full 0.130 0.019 24.05 Yes 0.955 0.915
Reduced 0.126 0.042 46.69 Yes 0.921 0.901
Protein Conc. Full 1.172 0.167 10.40 Yes 0.901 0.814
Reduced 1.059 0.265 12.03 Yes 0.814 0.746
5.5 Mathematical modeling: RSREG
The reduced model for each response was fitted to the observed data by minimizing
the sum of squared residue from observed points to fitted points (Equation 4.20)
The models resulting from regression are:
Biomass (g/L):
Y = 15.144 + 3.506x 2 + 0.755x1 x 2 (5.6)
Growth rate (hr-1):
Y2 = 0.347 + 0.082x1 - 0.000358x2 + 0.013x1 x2 + 0.022x1x 3 (5.7)
BCA Protein concentration (mg/mL):
Y3 = 7.020 - 0.180x1 + 0.145x2 + 0.070xx 2 + 0.161x2x 3 - 0.118xlx 2x3 (5.8)
where x1, x2, and X3 are the coded variables representing agitation, glycerol concen-
tration, and salt concentration respectively. The coefficients are summarized in Table
5.6 for easier comparison.
Selected surface and contour plots with interesting properties are displayed in
this section. Appendix D contains more surface and contour plots from the fitted
models with different parameters fixed.
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Table 5.6: Coefficients for fitted models by RSREG.
Coefficient Y1 (Biomass) Y2 (Growth rate) Y3 (Protein conc.)
/30 15.144 0.347 7.020
131 0 0.082 -0.180
/32 3.506 -0.000358 0.145
/33 0 0 0
/12 0.755 0.013 0.070
P13 0 0.022 0
/323 0 0 0.161
/123 0 0 -0.118
5.5.1 Biomass
According to Figure 5-3 biomass is a linear function when agitation is fixed, with
biomass increasing with glycerol concentration. This can be deduced from the fitted
model for biomass (Y1 ) that when agitation (xi) is fixed, the model is reduced to a
linear function:
Y1 = 15.144 + (3.506 + 0.755x 1 )x2
Figure 5-3 also shows that the slope of increasing biomass with glycerol con-
centration was the steepest when agitation was highest at 300 rpm, where biomass
increased from t 1 g/L to more than 19 g/L, which is almost a two-fold increase. On
the other hand, the slope was the least steep when agitation was lowest at 200 rpm,
where increase of biomass was from 12.5 g/L to about 18 g/L, which was a 44%
increase.
5.5.2 Growth rate
The patterns of growth rate at different levels of agitation, unlike biomass, are differ-
ent at all three levels shown, as illustrated in Figure 5-4, that the contour lines are
in different directions for all three levels of agitation. At 300 rpm (high agitation),
growth rate was the highest at high salt and glycerol concentrations (0.47 hr-1).
However, the pattern was reversed at 200 rpm (low agitation), where growth rate was
the highest at low salt and glycerol concentrations (0.445 hr-1).
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Figure 5-3: Surface (left column) and contour (right column) plots of biomass (g/L)
at low, netural, and high levels of agitation (A).
At agitation of 250 rpm, the predicted range of growth rate was 0.335 to 0.36
hr - 1, which was significantly lower than the range predicted for both high and low
agitation rates: 0.41-0.45 hr-1 at 200 rpm and 0.39-0.47 hr-1 at 300 rpm.
5.5.3 Protein production
The model for protein concentration is the only model in this study that has a third
order term Xlx2x3 . It is also the only model that has a stationary point in the region
of study. Figure 5-5 shows that protein concentration has a saddle point at both 200
and 250 rpm.
At A = 200 rpm, protein concentration was predicted to increase at both
higher and lower glycerol and salt concentrations, as shown in the first contour plot
in Figure 5-5, that predicted protein concentration was 7.2 mg/mL at high glycerol
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Figure 5-4: Surface (left column) and contour (right column) plots of growth rate
(hr- 1) at low, netural, and high levels of agitation (A).
(3%), and salt (2.1%) concentrations and 6.9 mg/mL at low glycerol (1%) and salt
(0.7%) concentrations. However, predicted protein concentration decreased to 6.6
mg/mL at the other two vertices in the same coutour plot.
At the highest agitation (A = 300 rpm), however, the saddle property of
protein concentration is not retained, as illustrated in the third contour plot in Figure
5-5 that, the pattern of contour lines was completely different from that in the first
and second contour plots in the same figure. The predicted protein concentration
was maximum: 7.1 mg/mL at high glycerol (3%) and salt (2.1%) concentrations, but
lowest: 6.6 mg/mL at low glycerol (1%) and salt (0.7%) concentrations, which was a
7% decrease.
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Chapter 6
Discussion
6.1 OD 600 vs. DCW
The collected C)D600 and DCW data were found to be positively correlated to each
other, with a satisfactory R2 value of 0.9664. The correlation confirms that these
two quantities are directly proportional to each other. Figure 5-1 shows that there
are a few outliers in the data, but the plot shows that the correlation still provides
a good fit of data, since the data seem to be evenly distributed on both sides of the
regression line.
The procedure for DCW contains many steps where experimental error can be
easily introduced to the data, so it is more desirable to use biomass data generated
from OD600 for statistical analysis.
Cell count cannot be used to quantify cells in P. pastoris culture even though
it is a standard method for mammalian cell culture, because it is a budding yeast,
and the number of cells can be hard to define.
6.2 Cell growth
The typical profile of OD600 and DCW in shake flasks culture shown in Figure 5-2
depicts the profile of most experimental conditions. The incubation time when cell
density reached maximum ranged from t = 36 hours to t = 84 hours, depends highly
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on the experimental condition, since it was established in Section 5.5 that growth
rate varies with experimental conditions.
Figure 5-3 indicates that, within the region of study, predicted biomass is the
highest at high agitation, glycerol and salt concentrations, with the value of 19 g/L,
which is 42.1% higher than the overall minimum 11 g/L. Similarly, Figure 5-4 shows
that predicted growth rate is the highestunder the same conditions, with the value of
0.47 hr -1 , and is 28.7% higher than the overall minimum 0.335 hr -1.
Although the conditions that give rise to maximum values of biomass coincide
with those for growth rate, the two responses are actually very different functions
of the growth parameters. This is supported by the distinctly different patterns of
contour lines on Figures 5-3 and 5-4.
Biomass does not depend on salt concentration at any agitation. Growth rate,
on the other hand, has a much stronger dependence on salt concentration than on
glycerol concentration. This can be explained by the fact that glycerol, the carbon
source, is necessary for cells to grow, i.e. if the carbon source is depleted, then biomass
cannot increase any further. In other words, carbon source is the limiting factor for
biomass.
The maximum growth rate happens to occur at low salt concentration and
high agitation. Growth rate, unlike biomass, appear to be a stronger function in
agitation and salt than biomass, and glycerol concentration has almost no effect on
growth rate. This may seem unexpected at first, because there is an 2 term (for
glycerol concentration) in the model for growth rate, and no 3 term (see Equation
5.7). However, after careful inspection, one would notice that the coefficient of x2
can be considered negligible compared to the rest of the terms. Also, the dependence
of growth rate on salt concentration was embedded in the later terms, under the
interactions of factors. It is precisely due to the interaction of factors, that the
dependence of growth rate on salt concentration varies greatly with agitation. The
contour pattern of growth rate at all three agitation rates are different from each
other, and there is not any similarity shared among them.
It is expected that higher agitation supports faster growth rate, since higher
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agitation leads to higher dissolved oxygen level, and cells always grow faster when
oxygen level is higher [17]. Another set of contour plots, Figure D-3 on P.74 shows
that the dependence of growth rate on agitation becomes stronger with increasing
salt concentration. Hypertonicity has shown to enhance growth rate, as long as the
osmotic stress is not over the critical point where cell lysis occurs.
Results from ANOVA showed that the models for biomass and growth rate
were satisfactorily adequate. The R'dj value of biomass was 0.951, which was slightly
higher compared to 0.935 before the elimination of non-significant terms. This indi-
cates that the model was improved by ANOVA. The R2dj value for reduced model of
growth rate was 0.901, which shows a slight decrease from that of the original model:
0.915, suggesting that some significant terms might have been missed by ANOVA.
6.3 Protein production
Protein concentration determined by BCATM Protein Assay was the response with
the most complicated model among the three responses that were studied, because it
was the only model which included the term for three-factor interaction x 1x2x 3. It
was also the only model that exhibit stationary-point behavior within the region of
study.
Unfortunately, even with such complicated model, the R2dj value of this model
was 0.746, which suggested that the model does not account for a considerable amount
of the variability related to the factors. In fact, the R2dj decreased after insigficant
terms identified by ANOVA were excluded from the model. It is unusual for R2dj to
decrease after elimination of non-significant terms, so this could mean that there are
other additional terms that should be included in the model other than those elimi-
nated. Perhaps quadratic terms such as x, or even higher order terms can improve
the model. However, the significance of additional terms can only be validated by
ANOVA followed by RSREG.
The highest predicted protein concentration within the region of study was
7.3 mg/mL, and it happened to be at high glycerol (3%) and salt (2.1%) concen-
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trations. This is the opposite conditions for the highest growth rate. This implies
that the growth rate has to be compromised if higher protein expression is desired,
and vice versa. However, since the model was found to be inadequate at this stage,
the conclusions drawn are not definite, and will most likely change once the model is
improved.
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Chapter 7
Future Work
7.1 Fermentation
After studying the biomass, growth rate, and protein expression by P. pastoris and
their dependence on a few chosen growth parameters, it is reasonable to next verify
whether the results observed in shake flasks are carried down after the culture has
been scaled up in bioreactors.
Bioreactors are able to maintain constant temperature, pH, dO2, etc. in cul-
ture, allowing the cells to grow in a much more controlled environment. They also
allow continuous feeding of nutrients and carbon source, which is impossible to achieve
in shake flasks. Also, online OD600 measurements are made possible by BugEye, which
provides a way to closely monitor cell density.
Moreover, since oxygen mass transfer is often limited in shake flasks, bioreac-
tors are usually able to sustain cell density up to 10-fold higher [21]. Consequently,
the production of recombinant protein in bioreactors would also be proportionally
higher than in shake flasks.
7.2 Functionality of proteins
AP39 is expressed by P. pastoris as a mixture of monomers and dimers in the culture
supernatant. Although product distribution was not characterized in this study, it is
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actually important to have knowledge about how the distribution between monomer
and dimer is affected by those growth paramters. Also, it would be very useful to
discover a way to optimize the proportion of desired product produced in culture.
Methods that can be used to characterize the distribution of proteins include
size-exclusion chromatography (SEC) and SDS-PAGE. Both of these methods are
able to separate the monomers from dimers, and also quantify the amount of each
protein component. If there exists a peptide sequence that binds to the desired
dimeric product, but not the monomeric counterpart, then ELISA, which is another
quantitative assay to detect the amount of functional proteins, can also be used to
quantify protein production.
7.3 Culture conditions
Three growth parameters (agitation, glycerol concentration, and salt concentration)
were expreimented in this study. However, there are other parameters that may have
effects on protein expression and cell growth.
7.3.1 Carbon source
In a study where a few carbon sources were used for heterologous protein production
[9], it was found that each carbon source leads to dramatically different biomass
accumulation and protein expression levels. Some of the carbon sources, other than
the known methanol and glycerol, that were studied are: sorbitol, acetate, glucose,
and lactic acid.
7.3.2 Temperature
Lowering the temperature has been found that, in some cases, to be useful in im-
proving yields of recombinant proteins [4], possibly due to poor stability of certain
recombinant proteins, folding problems, or the release of more proteases from dead
cells at higher temperature. Li et al. have shown that lowering the cultivation tem-
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perature from 30°Cto 23°Chas led to an increase in protein production by about
three-fold [34].
7.4 Cellular-level strategies
In addition to some cultivation-level strategies discussed in Section 7.3, there are also
cellular-level modifications that have been used or suggested by other researchers to
enhance recombinant protein expression.
7.4.1 Gene dosage
The strain of P. pastoris used in this study contains a single copy of the AP39 gene.
Gene dosage, which is the number of copies of gene inserted into the P. pastoris
genome, is known to be a rate-limiting factor in protein production in P. pastoris [31].
P. pastoris with multicopy genes has increased protein production [21]. However, it
must also be noted that it is often the optimal, not maximal number of copies that
gives the highest and most functional protein expression.
7.4.2 Protease-deficient strain
Proteolytic degradation is known to potentially reduce recombinant protein expression
by degrading the products [21]. This problem can be especially serious in bioreactors,
where both cell density and protein concentration are high. If this is the case for
AP39, then a protease-deficient stratin can be employed to express the target protein.
However, one must make sure that cells' basic functions are not affected by knocking
out the genes for protease(s).
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Chapter 8
Conclusions
It can be concluded from this study that CCD is an efficient way to study many factors
at a time, since the number of experiments required is much fewer than traditional
experimental design.
The mathematical models for biomass and growth rate were deemed satis-
factory with R 2dj values of 0.951 and 0.901, respectively, implying the models were
acconting for more than 90% of variability in biomass and growth rate. In the con-
trary, the model for protein concentration was not satisfactory with Rdj = 0.746.
This implies that additional trial and error has to be done to include other interactions
or terms in the model to improve it validity.
From the established mathematical model, it was found that the conditions for
maximum biomass and growth rate coincide with each other; whereas the conditions
for highest growth rate and highest AP39 expression were almost completely opposite
of each other. Therefore, highest growth rate and protein production are unlikely to
occur under the same condition.
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Appendix A
Glossary
rAb recombinant antibody
Fab antibody fragment
scFv single chain antibody variable region fragments
scAb single chain antibody
AOX1 alcohol. oxidase 1
GAP glyceraldehyde 3-phosphate dehydrogenase
OD600 optical density at wavelength 600 nm
rpm revolutions per minute
KPO 4 Potassium phosphate monobasic and potassium phosphate dibasic
BCA Assay' Bicinchoninic Acid Protein Assay
BSA bovine serum albumin
HPLC High performance liquid chromatography
ANOVA Analysis of variance
RSREG Response surface regression
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Appendix B
Plots of OD600 and DCW
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Figure B-i: Plots of OD600 and DCW at 200 rpm.
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Figure B-3: Plots of OD600 and DCW at 300 rpm.
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Appendix C
BCATM Protein Assay
Table C.1: BSA standards (g/mL) for BCA assay. The standard curve obtained from
calibration was y = 0.081x + 0.001, where y = Concentration, and x = MeanValue.
BCAI'M Protein Assay [32] is a protein assay that is based on bicinchoninic
acid (BCA) for detection and quantification of proteins by colorimetry. This method
takes advantage of the well-known property of proteins, which is their ability to reduce
Cu2- to Cu+ in alkaline condition. The cuprous cation from reduction by proteins
undergoes chelation by BCA, forming a water-soluble, purple-colored complex, which
exhibits strong absorbance property at 562 nm. In addition, its absorbance at 562
nmn is almost linearly within the working range (20-2000 plg/mL).
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Sample Concentration Wells BackConcCalc Values Mean Value Std. Dev.
StaOl 1000 Al 1077.812 1.315 1.243 0.065
A2 997.467 1.233
A3 968.648 1.19
StaO2 750 B1 742.46 0.931 0.917 0.013
B2 729.361 0.916
B3 719.754 0.905
Sta03 500 C1 521.513 0.678 0.648 0.032
C2 466.494 0.615
C3 497.06 0.65
StaO4 250 D1 259.519 0.378 0.378 0.008
D2 253.406 0.371
D3 266.506 0.386
Table C.2: Data from BCA protein assay.
Sample Wells Values Result Mean Result Std. Dev. Adj. Result
Al A4 0.869 688.315 696.612 11.733 6966.116
A5 0.888 704.908
A2 B4 0.893 709.275 693.992 21.613 6939.916
B5 0.858 678.709
B1 C4 0.918 731.107 742.897 16.673 7428.971
C5 0.945 754.687
B2 D4 0.908 722.374 726.304 5.558 7263.041
D5 0.917 730.234
C1 E4 0.851 672.595 672.595 0.000 6725.955
E5 0.851 672.595
C2 F4 0.875 693.555 659.496 48.167 6594.958
F5 0.797 625.437
D1 G4 0.867 686.568 667.792 26.554 6677.923
G5 0.824 649.016
D2 H4 0.853 674.342 686.695 16.056 6856.952
H5 0.879 697.048
El A6 0.897 712.768 732.857 28.406 7328.540
A7 0.943 752.940
E2 B6 0.872 690.935 707.091 22.848 7070.913
B7 0.909 723.248
F1 C6 0.790 619.323 632.860 19.143 6328.598
C7 0.821 646.396
F2 D6 0.801 628.930 638.973 14.203 6389.730
D7 0.824 649.016
G1 E6 0.826 650.763 659.932 12.968 6599.325
E7 0.847 669.102
G2 F6 0.849 670.857 665.609 7.410 6656.090
F7 0.837 660.369
H1 G6 0.815 641.156 637.663 4.940 6376.630
G7 0.807 634.170
H2 H6 0.820 645.523 662.116 23.466 6621.157
H7 0.858 678.709
J1 A8 0.877 695.302 690.062 7.410 6900.617
A9 0.865 684.822
J2 B8 0.829 653.383 669.976 23.466 6699.755
B9 0.867 686.568
K1 C8 0.860 680.455 689.625 12.968 6896.251
C9 0.881 698.795
K2 D8 0.835 658.622 679.145 29.024 6791.453
D9 0.882 699.668
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Table C.3: Data from BCA protein assay. (continued)
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Sample Wells Values Result Mean Result Std. Dev. Adj. Result
L1 E8 0.973 779.139 786.126 9.880 7861.260
E9 0.989 793.112
L2 F8 0.976 781.759 795.732 19.761 7957.324
F9 1.008 809.705
M1 A10 0.935 745.954 774.336 40.137 7743.363
All 1.000 802.719
N1 B10 0.911 724.994 737.221 17.291 7372.205
B1i 0.939 749.447
N2 C10 0.889 705.781 718.444 17.908 7184.443
Cl 0.918 731.107
P1 D10 0.817 642.903 660.806 25.319 6608.058
DlI 0.858 678.709
P2 E10 0.827 651.636 674.342 32.111 6743.421
Ell 0.879 697.048
Q1 FO1 0.858 678.709 741.150 88.306 7411.504
FI1 1.001 803.592
Q2 G10 0.965 772.153 787.436 21.613 7874.360
Gi 1.000 802.719
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Appendix D
Surface and Contour plots
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Figure D-1: Surface (left column) and contour (right column) plots of biomass (g/L)
at low, netural, and high levels of glycerol (G).
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Figure D-3: Surface (left column) and contour (right column) plots of growth rate
(g/L-hr) at low, netural, and high levels of glycerol (G).
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Figure D-4: Surface (left column) and contour (right column) plots of protein con-
centration (mg/mL) at low, netural, and high levels of glycerol (G).
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Figure D-5: Surface (left column) and contour (right column) plots of protein con-
centration (mg/mL) at low, netural, and high levels of salt (S).
75
7.3
7.2
7.1
7
6.9
6.8
6.7
6.6
S
0
I'
8
0
a
(In
0.5
0
.C 0
o -0.5
V -1
e
II
O,
II(.II
(5CO1i
Ol
.. .....
.I .
/1/ ,:i;/ , ,
7.2
7.1
7
6.9
6.8
7.6
7.5
7.4
7.3
7.2
7.1
7
0.
-0.
I0
a
CA80,
-1 -0.5 0 0.5 1
Agitation (coded)
. .. -
··
/C
. I
-v.O
V}
I
--1
,-1
1
76
References
[1] S. Hellwig, F. Emde, N.P.G. Raven, M. Henki, P. van der Logt, and R. Fis-
cher. Analysis of single-chain antibody production in pichia pastoris using on-
line methanol control in fed-batch and mixed-feed fermentations. Biotech. and
Bioeng., 74(4):344-352, 2001.
12] S. Lange, J. Schmitt, and R.D. Schmid. High-yield expression of the recombinant,
atrazine-specific fab fragment k41 lb by the methylotrophic yeast pichia pastoris.
J. of Imrrmu. Mthds, 255:103-114, 2001.
[3] L. Peng, X. Zhong, J. Ou, S. Zheng, J. Liao, L. Wang, and A. Xu. High-level
secretory production of recombinant bovine enterokinase light chain by Pichia
pastoris. J. of Biotech., 108(2):185-192, 2004.
[4] S. Macauley-Patrick, M.L. Fazenda, B. McNeil, and L.M. Harvey. Heterologous
protein production using the Pichia pastoris expression system. Yeast, 22:249-
270, 20()5.
[5] H.R. Waterham, M.E. Digan, P.J. Koutz, S.V. Lair, and J.M. Cregg. Isolation
of the P. pastorisglyceraldehyde-3-phosphate dehydrogenase gene and regulation
and use of its promoter. Gene, 186:37-44, 1997.
[6] R. Fischer, J. Dossard, N. Emans, U. Commandeur, and S. Hellwig. Review:
Towards molecular farming in the future: P. pastoris-based production of single-
chain antibody fragments. Biotech. Appl. Biochem., 30:117-120, 1999.
[7] X. Shi, T. Karkut, M. Chamankhah, M. Alting-Mees, S.M. Hemmingsen, and
77
D. Hegedus. Optimal conditions for the expression of a single-chain antibody
(scfv) gene in P. pastoris. Protein Exp. and Purif., 28:321-330, 2003.
[8] J.M. Wu, J.C. Lin, L.L. Chieng, C.K. Lee, and T.A. Hsu. Combined use of
GAP and AOX1 promoter to enhance the expression of human granulocyte-
macrophage colony-stimulating factor in P. pastoris. Enz. and Microbial Tech.,
33:453-459, 2003.
[9] J. Xie, Q. Zhou, P. Du, R. Gan, and Q. Ye. Use of different carbon sources
in cultivation of recombinant P. pastoris for angiostatin production. Enz. and
Microbial Tech., 36:210-216, 2005.
[10] L.M. Damasceno, I. Pla, H.J. Chang, L. Cohen, G. Ritter, L.J. Old, and C.A.
Batt. An optimized fermentation process for high-level production of a single-
chain fv antibody fragment in P. pastoris. Protein Exp. and Purif., 37:18-26,
2004.
[11] H. Boer, T.T. Teeri, and A. Koivula. Characterization of Trichoderma reesei
cellobiohydrolase cel7a secreated from P. pastoris using two different promoters.
Biotech. and Bioeng., 69(5):486-494, 2000.
[12] A. Vassileva, D.A. Chugh, S. Swaminathan, and N. Khanna. Expression of
hepatitis b surface antigen in teh methylotrophic yeast P. pastoris using the
GAP promoter. J. of Biotech., 88:21-35, 2001.
[13] F.M. Freyre, J.E. Vazquez, M.Ayala, L. Ganaan-Haden, H. Bell, I. Rodriguez,
A. Gonalez, A. Cintado, and J.V. Gavilondo. Very high expression of an anti-
cardinoembryonic antigen single chain fv antibody fragment in the yeast P. pas-
toris. J. of Biotech., 76:157-163, 2000.
[14] J.C. Goodwick, M. Xu, R. Finnegan, B.M. Schilling, S. Schiavi, H. Hoppe,
and N.C. Wan. High-level expression and stabilization of recombinant human
chitinase produced in a continuous constitutive P. pastoris expression system.
Biotech. and Bioeng., 74(6):493-497, 2001.
78
[15] J.L. Cereghino and J.M. Cregg. Heterologous protein expression in the methy-
lotrophic yeast Pichia pastoris. FEMS Microbio. Rev., 24:45-66, 2000.
[16] R.K. Bretthauer and F.J. Castellino. Review: Glycosylation of Pichia pastoris-
derived proteins. Biotech. Appl. Biochem., 30:193-200, 1999.
[17] C.Y. Lee, S.J. Lee, K.H. Jung, S. Katoh, and E.K. Lee. High dissolved oxygen
tension enhances heterologous protein expression by recombinant Pichia pastoris.
Process Biochem., 38:1147-1154, 2003.
[1.8] G.P.L. Cereghino, J.L. Cereghino, C. Ilgen, and J.M. Cregg. Production of
recombinant proteins in fermenter cultures of the yeast Pichia pastoris. Current
Opinion in Biotech., 13:329-332, 2002.
[1.9] F. Hong, N.Q. Meinander, and L.J. Jonsson. Fermentation strategies for im-
proved heterologous expression of laccase in Pichia pastoris. Biotech. and Bio-
eng., 79(4):438-449, 2002.
[20] I.B. Sears, J. O'Connor, O.W. Rossanese, and B.S. Glick. A versatile set of
vectors for constitutive and regulated gene expression in Pichia pastoris. Yeast,
14:783-790, 1998.
[21] M. Ron-manos. Advances in the use of Pichia pastoris for high-level gene expres-
sion. Current Opinion in Biotech., 13:329-332, 2002.
[22] C. A. Janeway, P. Travers, M. Walport, and M. Shlomchik. Immunobiology.
Garland Publishing, 5th edition, 2001.
[23] G. Gellissen. Heterologous protein production in methylotrophic yeasts. Appl.
Microbio. Biotech., 54:741-750, 2000.
[24] S.W. Chang, C.J. Shieh, G.C. Lee, and J.F. Shaw. Multiple mutagenesis of the
Candida rugosa lipi gene and optimum production of recombinant lipi expressed
in Pichia pastoris. Appl. Microbio. Biotech., 67:215-224, 2005.
79
[25] S. Branchu, R.T. Forbes, P. York, and H. Nyqvist. A central composite design
to investigate the thermal stabilization of lysozyme. Pharmaceutical Research,
16(5):702-708, 1999.
[26] D. C. Montgomery. Design and Analysis of Experiments. Wiley, John & Sons,
Inc., 5th edition, 2000.
[27] F. Doring, M. Klapper, S. Theis, and H. Daniel. Use of the glyceraldehyde-
3-phosphate dehydrogenase promoter for production of functional mammalian
membrane transport proteins in the yeast Pichia pastoris. Biochem. and Biophy.
Res. Comm., 250:531-535, 1998.
[28] R. Ridder, R. Schmitz, F. Legay, and H. Gram. Bio/Technology, 13:255-260,
1995.
[29] D. Luo, N. Mah, D. Wishart, Y. Zhang, F. Jacobs, and L. Martin. J. Biochem.,
120:229-232, 1996.
[30] P. Eldin, M.E. Pauza, Y. Hieda, G. Lin, M.P. Murtaugh nad P.R. Pentel, and
C.A. Pennell. J. Immunol. Methods, 201:67-75, 1997.
[31] JJ Clare, FB Rayment, SP Ballantyne, K Sreerkrishna, and MA Romanos. High-
level expression of tetanus toxin fragment c in Pichia pastoris strains containing
multiple tandem integrations of the gene. BioTechnology, 9:455-460, 1991.
[32] Inc. Pierce Biotechnology. Instructions for BCATMProtein Assay Kit.
[33] S. Wallman. Process controlled fed-batch fermentation of recombinant hsa se-
creting pichia pastoris. 2000.
[34] Z. Li, F. Xiong, and Q. Lin et al.. Low temperature increases the yield of
biologically active herring antifreeze protein in Pichia pastoris. Prot. Exp. Pur.,
21:304-312, 2001.
80
